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GRAPHICAL  ABSTRACT 


►  Cyclically  stable  pellets  of  Hydralloy 
—graphite  blends  were  prepared. 

►  Very  fast  (de-)hydrogenation  of 
Hydralloy-graphite  pellets  are 
demonstrated. 

►  Thermal  conductivity  and  porosity 
are  controlled  via  graphite  content. 

►  High  gas  permeabilities  and  heat 
conductivities  in  radial  direction  are 
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Hydrogen-based  power  systems  require  safe,  efficient  and  robust  hydrogen  storage  solutions.  In  this 
regard,  metal  hydrides  become  increasingly  important  because  of  their  extremely  high  volumetric 
hydrogen  capacity  and  their  moderate  operation  pressures.  The  loading  and  unloading  dynamics  of 
hydride-based  hydrogen  tanks  is  mainly  influenced  by  the  intrinsic  hydrogen  sorption  kinetics  of  the 
storage  material  as  well  as  by  the  heat  and  gas  transport  properties  of  the  hydride  bed. 

In  this  contribution,  pelletized  composites  of  the  room-temperature  hydrogen  storage  material  Hydralloy 
C52  (AB2-type)  with  expanded  natural  graphite  (ENG)  are  discussed  in  view  of  high-dynamic  hydrogen 
solid-state  storage  applications.  Powdery  Hydralloy  C52  is  blended  with  up  to  12.5  wt.%  ENG.  The  blend  is 
pelletized  at  compaction  pressures  up  to  600  MPa.  The  Hydralloy— ENG  pellets  exhibit  an  increased  effective 
thermal  conductivity  and  provide  an  increased  volumetric  H2  storage  capacity  compared  to  loose  powders.  The 
hydrogenation  behavior  at  different  temperatures  and  for  various  hydrogenation-dehydrogenation  cycles  is 
discussed.  Furthermore,  the  stability  of  the  pellets  throughout  cyclic  hydrogenation  is  evaluated.  High  gas 
permeability  in  radial  direction  and  sufficient  thermal  conductivity  in  combination  with  a  stable  pellet 
structure  underline  the  potential  of  Hydralloy— ENG  composites  for  hydrogen  storage  applications  with  high 
loading  dynamics. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  energy  converters  like  fuel  cells  or  combustion 
engines  are  strongly  growing  in  number  and  often  replace 
conventional  power  systems  based  on  fossil  fuels.  Thus,  a  carbon- 
free  energy  cycle  comes  into  sight  since  hydrogen  can  be 
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produced  via  water  electrolysis  from  renewable  energy  sources  like 
wind  or  solar  power  [1,2], 

Power  systems  based  on  hydrogen  require  safe,  efficient  and 
robust  hydrogen  storage  solutions.  In  this  regard,  metal  hydrides 
become  increasingly  important  because  of  their  extremely  high 
volumetric  hydrogen  capacity  and  their  moderate  operation  pres¬ 
sures  [3,4],  Today,  a  large  number  of  hydride-forming  metal  alloys 
are  known  [5].  Hydralloy  belongs  to  the  class  of  hydride-forming 
metal  alloys  (AB2-type  Ti— Mn-V-Fe— Zr  alloy)  which  is  already 
in  commercial  application,  for  example,  for  maritime  fuel  cells 
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Notations: 

k 

gas  permeability,  m2 

ENG 

expanded  natural  graphite 

7 

mass,  g 

fitting  parameter  (weighing  the  influence  of 

Pi 

center  pressure,  Pa 

turbulences  in  the  gas  flow),  m  1 

P2 

environmental  pressure,  Pa 

V 

dynamic  viscosity,  Pa  s 

Peq 

equilibrium  pressure,  bar 

Pvol 

volumetric  hydrogen  storage  density,  g-H2  1_1 

R 

universal  gas  constant,  J  K_1  mol-1 

gravimetric  hydrogen  storage  density,  wt.%-H2 

T 

absolute  temperature,  K 

p 

mass  density,  g  cm-3 

M 

molar  mass,  g  mol  1 

<f> 

volume  fraction,  vol.% 

h 

pellet  height,  m 

V 

volume,  m3 

r 

pellet  radius,  m 

AH 

enthalpy,  kj  mol"1 

Q 

mass  flow,  g  s_1 

AS 

entropy,  J  mol-1  K_1 

applications  [6].  Hydralloy  C52  has  a  rather  low  gravimetric 
hydrogen  storage  capacity  of  about  1.5  wt.%-H2  combined  with 
a  high  volumetric  hydrogen  storage  capacity  of  about  80  g-H2  l-1 
[7],  Hydralloy  can  be  classified  as  room-temperature  hydrogen 
storage  material  because  it  can  be  hydrogenated  from  -20  °C 
to  +100  °C  at  moderate  hydrogen  pressures.  Moreover,  it  exhibits 
very  fast  intrinsic  sorption  kinetics  [8,9],  Thus,  Hydralloy  is  suitable 
for  thermochemical  applications,  where  fast  responses  are  needed 
such  as  for  non-mechanical  hydrogen  compressors  [10,11],  A 
further  interesting  application  is  the  usage  of  this  material  in 
thermochemical  reactors  for  the  continuous  production  of  elec¬ 
tricity  with  solar  heat  power  plants,  where  the  storage  of  heat  at 
high  temperature  is  demanded  [12],  Here,  a  Hydralloy-based 
hydrogen  tank  can  serve  as  the  counterpart  to  the  high- 
temperature  hydride  tank  (e.g.  magnesium-based)  to  store  the 
hydrogen  generated  during  day  time  and  to  release  it  when  needed 
at  night  to  rehydrogenate  the  high-temperature  hydride  [13], 

The  loading  and  unloading  dynamics  of  hydride-based 
hydrogen  tanks  is  not  only  influenced  by  the  intrinsic  hydrogen 
sorption  kinetics  of  the  storage  material,  but  also  by  the  heat  and 
gas  transport  properties  of  the  hydride  bed.  From  the  viewpoint  of 
realistic  hydride  tank  systems,  the  transfer  of  the  reaction  heat 
through  the  hydride  bed  is  usually  the  rate-determining  step, 
because  loose  powder  beds  are  known  for  inferior  heat  transfer 
properties,  which  is  a  serious  drawback  for  numerous  applications 
[14,15],  To  address  this  issue,  materials  research  has  studied 
hydride  composite  materials  which  result  in  increased  effective 
thermal  conductivities  and  which,  thereby,  facilitate  drastically 
improved  (un-)loading  dynamics  of  the  storage  tank.  According  to 
the  literature,  two  major  routes  are  followed  in  order  to  realize 
enhanced  heat  conduction  through  the  hydride  bed.  One  route  is 
focused  on  auxiliary  metal  structures  with  high  thermal  conduc¬ 
tivity  like  nickel  or  aluminum  fins  or  open-cellular  foams  [16—18], 
Secondly,  composites  of  hydride  and  graphite  are  being  investi¬ 
gated  [19—22],  Following  this  path,  the  thermal  conductivity  can  be 
tailored  very  accurately.  In  addition,  an  anisotropic  heat  conduction 
behavior  with  strongly  increased  volumetric  storage  capacities  can 
be  realized  using  uniaxial  compaction  techniques.  In  our  previous 
works  [23—25]  we  demonstrated  that  pellets  compacted  from 
magnesium  hydride-  and  complex  hydride-graphite  blends  have 
superior  effective  thermal  conductivities  in  radial  direction,  which 
is  very  beneficial  considering  a  cylindrical  geometry  of  the  storage 
container.  Moreover,  the  residual  porosity  can  be  adjusted  so  that 
the  pellet  fulfills  the  requirements  of  the  storage  compartment 
concerning  gas  permeability,  mechanical  stability  and  geometrical 
integrity  during  cycling. 

In  this  contribution,  an  analogous  approach  is  presented  in  order 
to  increase  the  effective  thermal  conductivity  of  Hydralloy  C52  as 
hydrogen  storage  material.  In  that  respect,  Hydralloy  was  blended 
with  various  amounts  of  expanded  natural  graphite  (ENG)  and 


compacted  at  different  compaction  pressures  into  cylindrical  pellets. 
Those  pellets  were  characterized  concerning  their  porosities, 
effective  thermal  conductivities  and  gas  permeabilities.  From  this 
screening,  a  set  of  parameter  was  chosen  to  produce  pellets  whose 
cyclic  hydrogenation  behavior  was  examined.  Additionally,  the 
cycled  pellets  were  thoroughly  characterized  with  regard  to  possible 
changes  in  their  properties  due  to  the  hydrogenation  procedure. 

2.  Experimental 

Hydralloy  C52  (51  wt.%  Mn,  28  wt.%  Ti,  14  wt.%  V,  3  wt.%  Fe,  3  wt.% 
Zr)  was  purchased  from  GfE  Metalle  und  Materialien  GmbH.  The 
material  was  delivered  in  granular  form  in  the  size  of  2  mm— 10  mm. 
The  granules  were  powderized  through  milling  for  5  min  under 
argon  to  prevent  unwanted  oxidation.  All  materials  processing 
steps  were  performed  under  inert  atmosphere  following  the  same 
processing  chain  as  described  in  our  previous  work  [25],  The  start¬ 
ing  material  is  used  in  its  metallic  state  (^dehydrogenated  state) 
such  as  the  magnesium-based  system  we  previously  investigated 
[23,24],  Thus,  a  comparable  range  of  porosity  and  ENG  volume 
fraction  was  anticipated.  Therefore,  the  Hydralloy  C52  powder  was 
thoroughly  mixed  with  2.5, 5.0  and  12.5  wt.%  ENG1  (delivered  by  SGL 
Carbon)  in  a  tubular  mixer  (Turbula  T2F).  After  mixing,  the 
Hydralloy-ENG  blends  were  consolidated  by  uniaxial  compaction 
(TIRA  test  2300)  at  75, 150, 300  and  600  MPa  into  cylindrical  pellets 
with  14  mm  in  diameter  whose  geometric  density  was  calculated  by 
determining  mass  and  volume  of  each  pellet  individually.  Thereby, 
the  residual  porosity  within  the  specimens  was  calculated  on  the 
basis  of  the  theoretical  density  of  each  pellet.  The  theoretical  density 
of  ENG  of  about  2.14  g  cm  3  was  measured  with  a  pycnometer 
(AccuPyc  1330).  The  theoretical  density  of  Hydralloy  was  deter¬ 
mined  using  a  magnetic  suspension  balance  (Rubotherm),  where  the 
sample  weight  was  measured  at  different  inert  gas  pressures.  Due  to 
buoyancy  it  is,  thereby,  possible  to  determine  volume  and  mass  of 
the  material  [26],  From  that  the  Hydralloy  density  was  derived 
which  amounts  to  6.1  g  cm-3. 

In  order  to  measure  the  thermal  conductivity  of  the  Hydralloy- 
ENG  pellets,  they  were  cut  into  2  mm  thin  slices  in  axial  as  well  as 
radial  direction  using  an  Accutom  5  under  argon  atmosphere.  The 
specimens  were  examined  inside  a  gas  tight  measuring  cell  “(cf.  our 
previous  work  [25])  using  the  nano  flash  method  (Netzsch  LFA  447 
NanoFlash)  determining  temperature  diffusivity  with  an  uncer¬ 
tainty  of  3%  (value  given  by  the  manufacturer).  The  according 
thermal  conductivity  was  calculated  by  multiplying  temperature 
diffusivity,  density  and  specific  heat  capacity.  The  specific  heat 


1  The  contents  were  halved  compared  to  the  previous  system  [23]  due  to  the 

higher  theoretical  density  of  Hydralloy  of  6.1  g  cm  3  compared  to  about  2.2  g  cm~3 

Of  MggoNiio. 
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capacity  was  determined  using  the  DSC  method  (Netzsch  DSC  204 
FI  Phoenix)  with  an  uncertainty  of  3%  (value  given  by  the 
manufacturer). 

The  gas  permeability  in  radial  direction  of  one  pellet  of  each 
parameter  set  was  determined  using  a  special  measuring  cell.  For 
this  purpose,  central  holes  (2  mm  in  diameter)  were  drilled  into  the 
cylindrical  pellets.  Then,  a  constant  flow  of  nitrogen  is  pushed 
through  the  cylindrical  pellet  from  its  center  radially  outwards. 
Thereby,  the  pressure  in  the  central  hole  increases,  which  is 
monitored.  According  to  the  integration  of  the  Forchheimer  equa¬ 
tion  along  the  radius,  the  mass  flow  [QJ  and  the  difference  between 
the  squared  gas  feeding  pressure  [(pi)2]  and  the  squared  outside 
pressure  [(P2)2]  fits  a  parabolic  polynomial  (cf.  equation  (1))  [21], 
From  the  linear  part  of  equation  (1)  the  gas  permeability  [fc]  can  be 
deduced  easily: 


The  relative  statistical  error  of  the  gas  permeability  has  been 
found  to  amount  to  approximately  10%.  This  value  has  been 
deduced  from  repetitive  measurements  of  the  same  pellet  under 
equal  conditions. 

The  hydrogenation  behavior  of  a  chosen  set  of  pellets  was 
examined  employing  thermogravimetry  (TG)  using  a  magnetic 
suspension  balance  (Rubotherm)  with  a  precision  of  10  pg.  ForTGA, 
gaseous  H2  (Linde,  99.9999%  purity)  was  used.  The  pellets  were 
placed  into  a  clamp  to  simulate  the  geometrical  constraints  given  in 
real  tank.  At  first,  all  pellets  were  activated  with  four  cycles  at 
elevated  temperatures  up  to  300  °C  for  about  17  h.  Thereafter,  up  to 
85  cycles  were  performed  in  a  temperature  range  of  20—50  °C. 
Subsequently,  the  cycled  pellets  were  characterized  to  examine 
the  changes  in  porosity,  thermal  conductivity  and  gas 
permeability.  Since  the  hydrogenated  state  of  Hydralloy  will 
instantly  dehydrogenate  at  room  temperature  and  ambient 
pressure,  only  the  metallic  state  after  cycling  was  characterized. 

X-ray  diffraction  (XRD,  Bruker  AXS:  D8  ADVANCE)  using  Cu  Ka 
radiation  in  the  angular  range  between  10°  and  100°  (20)  was 
performed  in  the  as-milled  as  well  as  in  the  as-cycled  state.  During 
XRD  analysis,  the  powders  were  protected  from  ambient  atmo¬ 
sphere  using  a  Kapton®  foil. 

Furthermore,  an  activation  process  followed  by  10 
hydrogenation-dehydrogenation  cycles  was  performed  on  smaller 
pellets  (5  mm  in  diameter)  in  a  high  pressure  DSC  (Netzsch  DSC  204 
HP)  coupled  to  a  quadrupole  mass  analyzer  (Netzsch  QMS  403  C)  in 
order  to  examine  the  chemical  composition  of  the  released  gas. 

All  measurement  errors  were  calculated  using  the  law  of  error 
propagation.  The  total  measurement  errors  are  given  by  error  bars 
in  the  graphs. 


3.  Results  and  discussion 


on  the  results  of  that  initial  characterization,  pellets  with  suitable 
residual  porosity  and  heat  conduction  were  chosen  to  perform 
hydrogenation  experiments  on,  which  are  discussed  in  Sections  3.2 
and  3.3. 

Fig.  1  depicts  three  examples  of  Hydralloy— ENG  pellets  com¬ 
pacted  at  300  MPa  with  various  ENG-contents.  The  phase  fractions 
and  the  respective  errors  for  all  processing  parameters  are  given  in 
Table  1.  As  expected  from  our  previous  works  [23-25],  the  increase 
of  compaction  pressure  and  ENG-content  results  in  a  reduced 
residual  porosity.  Here,  the  ENG  acts  as  a  lubricant  during  the 
compaction  process.  Furthermore,  ENG  facilitates  the  mechanical 
stability  of  the  Hydralloy-ENG  pellets.  Indeed,  pellets  made  from 
pure  Hydralloy  without  ENG  were  not  mechanically  stable  within 
the  considered  compaction  pressure  range. 

From  the  fractions  of  all  phases  involved  (Hydralloy,  ENG  and 
residual  porosity)  it  is  possible  to  calculate  the  maximum  volu¬ 
metric  as  well  as  the  gravimetric  hydrogen  storage  densities  of  the 
pellets.  The  gravimetric  storage  capacity  of  hydrogenated  Hydralloy 
(1.5  wt.%-H2  [7])  is  multiplied  by  its  mass  fraction  in  the  pellet  to 
retrieve  the  maximum  gravimetric  hydrogen  storage  density.  The 
maximum  volumetric  storage  density  of  a  pellet  can  be  calculated 
by  multiplying  the  gravimetric  storage  capacity  of  the  hydride  by 
the  mass  density  of  the  hydride  and  its  volume  fraction  in  the  pellet 
(cf.  equation  (2)).  These  values  cannot  be  determined  by  experi¬ 
ment.  However,  the  volume  fraction  of  the  hydride  (^hydride)  can  be 
calculated  from  the  volume  fraction  of  the  metal  alloy  in  the  pellet 
(#metai)  according  to  equation  (3),  where  the  hydride  mass  (mhy_ 
dride)  is  solved  from  equation  (4).  Thus,  the  volumetric  storage 
capacity  can  be  deduced  with  equation  (5).  Please  note  that  this 
calculation  only  holds  true  as  long  as  all  volumetric  expansions 
caused  by  hydrogenation  consume  from  the  residual  porosity  of  the 
pellet  ( Vtotai  =  const.).  In  other  words:  The  outer  pellets  dimensions 
are  not  to  change  while  hydrogenation  takes  place. 

Pvol(Pellet)  =  Pgrav(hydtide)  •  ''/-'hydride ' Phydride  (2) 


'/’hydride  — 


^hydride 
'/total  ‘  Phydride 


(3) 


mwetal  _  mhydride'  (l  ~  Pgrav (hydride)) 
^total  ’  Pmetal  ^total  *  Pmetal 


(4) 


^.(pellet)  =  Pgrav  (hydride)- 'pmetarpmgta, 

(l  -  Pgravfhydride)] 


(5) 


Fig.  2  depicts  the  calculated  maximum  volumetric  and  gravi¬ 
metric  hydrogen  storage  densities  of  all  Hydralloy-ENG  pellets.  As 
expected,  the  increase  in  compaction  pressure  coupled  with 


3.1.  Characterization  of  the  as-compacted  state 

In  our  previous  works  [23-25]  the  as-compacted  states  of 
pellets  prepared  from  a  melt-spun  magnesium  alloy  and  two 
complex  hydride  systems  with  ENG  were  examined.  It  was  found 
that  the  heat  transfer  characteristics  and  residual  porosities  can  be 
tailored  in  a  wide  range  adjusting  compaction  pressure  and  ENG 
content.  In  analogy,  Hydralloy  C52,  as  a  common  room-temperature 
hydrogen  storage  material,  was  investigated.  At  first,  various 
compaction  pressures  and  ENG  contents  were  chosen,  from  which 
pellets  are  expected  to  cover  similar  ranges  of  thermal  conductivity 
and  residual  porosity  as  the  magnesium-based  system  [23],  Based 


5.0  wt.-% 

2.5  wt.-%  12.5  wt.-% 


Fig.  1.  Hydralloy-ENG  pellets  compacted  at  300  MPa  with  an  ENG-content  of  2.5,  5.0 
and  12.5  wt.%. 
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Table  1 

Volume  fractions  of  porosity,  ENG  and  Hydralloy  for  all  ENG  weight  fractions  and 
compaction  pressures. 


ENG  Compaction  Porosity  ENG  Hydralloy 

[wt.%]  pressure  [MPa]  [vol.%]  [vol.%]  [vol.%] 


2.5 


34.9  ±  2.0 
30.6  ±  2.6 

22.2  ±  3.2 


4.4  ±  0.4 
4.7  ±  0.6 
5.0  ±  0.6 

5.3  ±1.0 


60.6  ±  4.0 

64.6  ±  4.9 
68.3  ±  4.1 
72.5  ±  5.7 


5.0 


31.1  ±  1.6 
25.9  ±  1.3 

22.3  ±  1.5 

19.4  ±  1.9 


9.0  ±  0.6 
9.7  ±  0.7 
10.2  ±  0.9 
10.5  ±  13 


59.9  ±  3.7 
64.4  ±  3.1 
67.6  ±  3.4 
70.1  ±  4.5 


12.5 


30.0  ±  1.7 
23.5  dfc  1.9 
19.3  ±  1.5 
15.7  ±  2.0 


20.3  ±  1.3 
22.2  ±  2.0 

23.4  ±  2.0 

24.4  ±  3.3 


49.7  ±  6.1 

54.3  ±  7.2 

57.3  ±  6.2 
59.9  ±  8.9 


a  decreased  porosity  leads  to  higher  volumetric  storage  densities. 
Higher  ENG-contents,  however,  relate  to  lower  gravimetric 
hydrogen  storage  densities,  since  the  graphite  is  considered  not  to 
participate  in  the  storage  of  hydrogen.  The  beneficial  effect  of 
compaction  becomes  obvious  if  one  compares  these  values  with  the 
maximum  volumetric  storage  densities  of  commonly  used  loose 
powders.  Applying  DIN  EN  ISO  3923  the  apparent  density  of 
Hydralloy  powder  was  determined  with  1.8  g  cm  3  which  refers  to 
71  vol.%  of  porosity  resulting  in  27  g-H2  I  A  loose  blend  of 
Hydralloy  powder  with  5  wt.%  ENG  achieves  only  14  g-H2  1  '.  In 
that  sense,  the  values  presented  in  Fig.  2  hold  true  only  if  the 
geometrical  dimensions  of  the  pellets  are  not  changed  during 
hydrogenation.  Therefore,  the  values  present  possible  maximum 
densities  which  are  most  likely  to  be  fulfilled  by  pellets  with  high 
porosity  so  that  volume  changes  of  the  storage  material  are 
compensated  by  the  inner  porosity  only.  The  lowest  porosity  of 
22.2  vol.%  was  achieved  with  600  MPa  compaction  pressure  using 
2.5  wt.%  ENG.  Therefore,  it  is  unlikely  that  the  swelling  of  this  pellet 
during  hydrogenation  can  by  compensated  by  the  inner  porosity 
only.  In  this  study,  the  same  geometry  is  needed  for  all  pellets  for 
the  sake  of  comparability.  Hence,  a  compaction  pressure  was 
chosen  which  results  in  a  porosity  at  which  no  pellet  swelling 
occurs  (see  Section  3.2). 


gravimetric  storage  density  [wt.%-H2] 


Fig.  2.  Calculated  maximum  volumetric  vs.  maximum  gravimetric  hydrogen  storage 
densities  of  Hydralloy-ENG  pellets. 


Nevertheless,  Fig.  2  illustrates  the  high  potential  of  compaction 
in  order  to  increase  the  volumetric  storage  density.  Pellets  with  the 
lowest  volume  fraction  of  Hydralloy  (49.7  vol.%;  compacted  at 
75  MPa  with  12.5  wt.%  ENG)  still  exceed  the  volumetric  storage 
density  of  commonly  used  powder  beds  without  any  ENG  and. 
hence,  poor  heat  conduction  properties  by  150%. 

The  effective  thermal  conductivities  of  the  Hydralloy— ENG 
pellets  are  plotted  in  Fig.  3a.  The  ENG  content  in  the  diagram  is 
given  in  volume  percent  of  the  compacted  composite  since  the 
effective  thermal  conductivity  of  a  multi-component  material  is 
determined  on  the  basis  of  the  respective  volume  fractions.  It 
slightly  increases  with  increasing  compaction  pressure  since  the 
volume  fraction  of  the  residual  porosity  is  decreased  (cf.  Table  1 ).  As 
examined  in  our  previous  works  [23-25]  a  strong  anisotropy 
between  the  heat  conduction  perpendicular  (radial)  and  parallel 
(axial)  to  the  direction  of  compression  can  be  achieved.  The  thermal 
conductivities  in  radial  direction  vary  between  2.4  and 
62.8  W  m-1  K“\  whereas  the  thermal  conductivities  in  axial 
direction  remain  constant  in  the  range  of  2-8  W  itT1  K1.  As 
previously  reported  [25]  only  a  minor  difference  in  radial  thermal 
conductivity  at  equal  ENG  contents  and  varying  compaction  pres¬ 
sures  is  examined,  which  indicates  only  an  insignificant  influence 
of  the  residual  porosity.  Fig.  3b  depicts  the  thermal  conductivities  of 
the  complex  hydride  systems  (from  our  previous  results)  in 
comparison  with  the  Hydralloy— ENG  pellets.  At  equal  ENG  volume 
fractions  similar  radial  thermal  conductivities  can  be  achieved 
independent  of  the  primary  powder  used.  This  holds  true  even 
though  the  porosities  at  given  compaction  pressures  vary  with  the 
storage  material  system.  Due  to  a  high  aspect  ratio  (long  and  thin) 
of  the  magnesium  flake-based  material  system,  its  effective 
thermal  conductivity  is  also  influenced  by  porosity  [23],  It  is, 
therefore,  deduced  that  as  long  as  powdery  starting  materials  with 
low  intrinsic  thermal  conductivities  are  used,  the  ENG  content  is 
the  major  control  parameter  to  determine  the  effective  heat 
conduction  of  suchlike  pellets.  Pellets  of  pure  ENG  (<5  vol.% 
porosity)  have  a  radial  thermal  conductivity  of  about 
370  W  m-1  K-1  [23],  From  that  the  rule  of  mixture  is  applied  to 
illustrate  the  thermal  conductivity  versus  porosity  of  ENG-pellets. 
Obviously,  the  measured  values  of  the  Hydralloy— ENG  pellets  are 
very  close  to  that  simple  rule  (cf.  Fig.  3b).  This  indicates  that  the  use 
of  ENG  is  very  effective  to  adjust  the  heat  conduction  inside  hydride 
reaction  beds. 

The  gas  permeabilities  of  the  Hydralloy-ENG  pellets  measured 
in  inert  atmosphere  are  depicted  in  Fig.  4.  The  examined  gas 
permeabilities  range  from  0.6  x  10-15  m2  to  9.7  x  10-15  m2.  As 
expected,  the  gas  permeability  decreases  with  increasing 
compaction  pressure.  Furthermore,  at  equal  compaction  pressures 
lower  gas  permeabilities  with  increasing  ENG-content  are  deter¬ 
mined  (cf.  inset  of  Fig.  4).  At  high  compaction  pressures,  however, 
only  minor  differences  of  the  gas  permeabilities  are  observed. 
Porosity  is  the  most  important  parameter  to  influence  the  gas 
permeability  [27,28].  In  turn,  porosity  is  a  function  of  the  powder 
compressibility  and  the  applied  compaction  pressure.  As  shown  in 
Table  1  the  porosity  decreases  with  increasing  compaction  pressure 
as  well  as  with  increasing  ENG-content.  Thus,  both  factors  deter¬ 
mine  the  volume  fraction  of  residual  porosity  and,  thereby,  the 
resulting  gas  permeability.  Fig.  4  shows  the  relationship  between 
the  measured  gas  permeabilities  and  the  according  porosities.  In 
this  regard,  the  gas  permeability  is  independent  of  the  ENG  content 
(taking  the  error  bars  into  account).  Indeed,  the  ENG-content 
enhances  the  compressibility  of  the  Hydralloy-ENG  blend  which 
results  in  lower  porosity  at  equal  compaction  pressures.  Hence,  less 
void  space  is  available,  which  in  turn  causes  a  higher  resistance  to 
the  gas  flow.  From  preliminary  computer  simulations  on  the 
hydrogenation  performance  of  suchlike  Hydralloy-ENG  pellets,  gas 
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permeabilities  below  1  x  10-16  m2  become  rate-determining  for 
the  overall  hydrogenation  dynamics  of  the  reaction  bed.  Thus,  the 
reported  values  shall  be  sufficient  to  ensure  fast  loading  and 
unloading  of  a  tubular  hydride  reactor.  The  detailed  simulation 
results  based  on  a  tubular  tank  with  an  inner  diameter  of  40  mm 
will  be  published  elsewhere  (manuscript  in  preparation). 

3.2.  Hydrogenation  behavior 

First  hydrogenation  experiments  were  conducted  at  Hydralloy- 
ENG  pellets  with  an  ENG  content  of  5  wt.%  compacted  at  150  MPa. 
The  pellets  expanded  in  axial  direction  by  about  10%,  which  is  due 
to  the  volume  change  during  hydrogenation  of  Hydralloy.  As  stated 
in  Section  3.2,  a  compaction  pressure  was  chosen  which  results  in 
a  certain  porosity,  where  no  swelling  of  the  pellets  during  hydro¬ 
genation  occurs.  Therefore,  the  compaction  pressure  of  75  MPa  was 
selected  in  order  to  provide  more  porosity  in  the  as-compacted 
state,  which  compensates  the  volume  increase  of  the  storage 
material.  Indeed,  considering  a  hydrogen  storage  tank,  an  optimal 
combination  of  initial  porosity  and  pellet  swelling  will  lead  to 
a  high  volumetric  storage  density.  Future  investigations  will  focus 


porosity  of  the  Hydralloy-ENG  pellets  investigated. 


on  the  influence  of  the  compaction  pressure  on  the  hydrogenation 
properties  as  well  as  on  pellet  shape  evolution. 

The  pellets  chosen  in  this  study  (75  MPa  and  5  wt.%  ENG)  have 
an  average  thermal  conductivity  of  14.4  W  m-1  K-1  and  a  porosity 
of  31.1  vol.%.  The  pellets  were  placed  inside  a  clamp  (cf.  Fig.  10b)  to 
simulate  the  geometrical  constraints  given  in  a  real  tubular  tank. 

Various  experiments  were  conducted  altering  the  number  of 
cycles,  hydrogenation  and  dehydrogenation  pressures  and  temper¬ 
atures.  At  first,  an  activation  procedure  is  performed  where  the 
pellet  is  annealed  in  a  hydrogen  atmosphere  for  17  h  with  temper¬ 
atures  at  50  °C  and  300  °C  and  varying  pressures  from  0  bar  to  5  bar 
and  0  bar  to  10  bar,  respectively.  This  is  supposed  to  reduce  any 
possible  residual  oxide  layers.  Within  the  first  hydrogenation  cycles 
an  improvement  of  the  sorption  kinetics  of  the  pellet  is  observed  (cf. 
Fig.  5a).  Already  during  the  second  cycle  the  sorption  kinetics  of  the 
pellet  becomes  optimal.  Fig.  5b  depicts  the  hydrogenation  and 
dehydrogenation  rates  of  the  first  and  the  tenth  cycle.  The  hydro¬ 
genation  rate  of  the  tenth  cycle  is  higher  than  that  of  the  first  one. 
Furthermore,  the  hydrogenation  is  completed  earlier.  After  the 
second  cycle  no  further  changes  can  be  noticed.  The  high  dehydro¬ 
genation  kinetics  are  constant  from  the  very  first  cycle  and  show 
a  maximum  dehydrogenation  rate  of  about  —0.9  wt.%-H2  min-1. 

Fig.  6  presents  a  comparison  of  the  first  cycles  after  activation 
with  different  peak  temperatures  of  100  °C  and  300  °C.  After  four 
cycles  the  specimen  activated  at  100  °C  has  reached  its  full  sorption 
performance.  However,  it  is  not  possible  to  dehydrogenate  the 
pellet  completely  which  reduces  its  reversible  hydrogen  storage 
density  by  about  0.07  wt.%-H2. 

The  improvement  in  kinetics  can  be  attributed  to  residual  oxide 
layers  not  being  reduced  within  the  activation  procedure,  which 
also  may  explain  the  slower  recovery  after  activation  at  100  °C,  or  to 
hydrogen  decrepitation  [29],  In  conclusion,  it  is  possible  to  reduce 
the  activation  temperature,  which,  in  turn,  increases  the  number  of 
following  cycles  with  slower  hydrogen  sorption  performance. 
Besides  that  a  slight  decrease  in  hydrogen  storage  density  of  the 
pellet  has  to  be  taken  into  account. 

Typical  (de-)hydrogenation  cycles  conducted  at  20  °C  and  50  °C 
are  plotted  in  Fig.  7.  The  hydrogenation  at  20  °C  and  50  °C  was 
carried  out  at  hydrogen  pressures  of  30  bar  and  40  bar,  respectively. 
The  dehydrogenation  for  both  temperatures  was  performed  under 
1  bar  hydrogen  in  each  case.  Dehydrogenation  at  vacuum 
(10-2  mbar)  would  result  in  an  additional  release  of  hydrogen, 
which  is,  however,  not  meaningful  in  view  of  practical  applications. 
During  cycling  a  reversible  gravimetric  storage  density  of  1.45  wt.%- 
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H2  and  1.37  wt.%-H2  at  20  °C  and  50  °C  is  achieved,  respectively. 
These  values  refer  to  volumetric  storage  densities  of  the  pellet  of 
about  56  g-H2  1  1  and  53  g-H2  l-1  at  20  °C  and  50  °C,  respectively. 
From  Fig.  2  values  of  about  1.43  wt.%-H2  and  55.7  g-H2  l-1  were 
predicted  for  a  group  of  equally  processed  pellets  which  is  in  very 
good  agreement  with  the  experimental  values.  Slight  differences 
can  be  attributed  to  variation  in  porosity  of  a  single  pellet  compared 
to  the  whole  group.  Furthermore,  due  to  thermodynamic  changes 
the  maximum  hydrogen  storage  capacity  increases  with  decreasing 
temperature  [3],  This  also  influences  the  slopes  of  hydrogenation 
and  dehydrogenation.  Namely,  the  difference  between  applied 
pressure  and  equilibrium  pressure,  which  can  be  considered  as  one 
part  of  the  driving  force  of  the  reaction,  is  larger  at  20  °C  during 
hydrogenation.  Skripnyuk  et  al.  [8]  reported  an  enthalpy  (AH) 
of  -28.7  kj  mol1  and  an  entropy  (AS)  of  -116.9  J  mol-1  K-1  of 
Hydralloy  C52,  which,  according  to  the  van’t  Hoff  equation  (cf. 
equation  (6);  from  Ref.  [3]),  results  in  about  10  bar  and  29  bar  at 
20  °C  and  50  °C,  respectively.  From  that  follows  that  pressure 
differences  of  about  20  bar  and  10  bar  are  applied  to  the  respective 
equilibrium  pressures  at  20  °C  and  50  °C.  Therefore,  a  faster 
hydrogenation  is  observed  at  20  °C  compared  to  50  °C.  During 
dehydrogenation  this  effect  can  be  discussed  vice  versa.  There,  the 
difference  between  equilibrium  pressure  and  dehydrogenation 
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pressure  is  higher  at  50  °C  which  results  in  a  steeper  slope 
compared  to  20  °C. 

If  hydrogen  conversion  units  like  fuel  cells  or  internal  combus¬ 
tion  engines  are  supplied  with  hydrogen  from  hydride  storage 
tanks,  it  is  inevitable  to  provide  hydrogen  at  supply  pressures  above 
ambient  pressure  in  order  to  avoid  additional  compressor  stages. 
Thus,  Hydralloy— ENG  pellets  have  been  dehydrogenated  against 
a  certain  hydrogen  back-pressure  from  1  bar  to  10  bar  (cf.  Fig.  8).  At 
first,  it  can  be  noted  that  even  at  the  highest  back-pressure  of  10  bar 
a  fast  dehydrogenation  within  the  first  10  min  can  be  realized.  The 
reversible  gravimetric  storage  density  is  almost  linear  decreasing 
from  1.36  wt.%-H2  to  1.22  wt.%-H2  with  increasing  back-pressure. 
The  change  in  slope  occurs  when  isobar  conditions  are  achieved. 
The  possibility  to  rapidly  release  hydrogen  against  high  pressures 
also  enables  this  storage  material  to  be  used  in  form  of  thermo¬ 
chemical  hydrogen  compressors.  There  a  change  between  hydro¬ 
genation  and  dehydrogenation  at  different  temperatures  might  be 
used  to  realize  a  compression  step  [10,11], 

Fig.  9  depicts  the  X-ray  diffraction  patterns  of  Hydralloy  C52 
with  5  wt.%  ENG.  Rietveld  refinement  on  the  patterns  of  the  as- 
compacted  state  and  after  85  cycles  (Hydralloy  space  group:  P63/ 
mmc)  was  performed.  An  exemplary  refinement  of  the  as- 
compacted  material  is  given  in  Fig.  9a.  The  main  results  of  the 
refinements  with  their  statistical  uncertainties  are  presented  in 
Table  2.  Note  that  the  calculated  phase  fractions  are  of  high 
uncertainty  which  is  caused  by  a  strong  correlation  of  the 


orientation  with  the  phase  fraction  in  the  case  of  graphite.  The  grain 
size  determination  of  Hydralloy,  however,  is  not  affected  by  that. 
According  to  Table  2,  a  grain  size  (assuming  spherical  grains)  of 
108  nm  and  15  nm  was  determined  for  the  as-milled  and  as-cycled 
state,  respectively.  This  is  supported  by  the  observed  reflex 
broadening  as  depicted  in  the  enlarged  section  of  the  XRD-patterns 
in  Fig.  9b.  During  cycling  with  a  rapid  hydrogenation  process  (fast 
kinetics)  many  phase  transformation  nuclei  are  formed  which,  in 
turn,  can  result  in  a  decrease  in  grain  size.  This  also  positively 
affects  the  sorption  kinetics  due  to  an  increased  content  of  grain 
boundaries  [30].  Considering  the  sorption  performance  (cf.  Fig.  5) 
no  changes  after  the  second  cycle  can  be  examined.  However,  at 
that  point  other  factors  could  become  rate-limiting  which  means 
that  grain  size  refinement  might  still  take  place  afterward.  To  clarify 
that  issue  in  detail,  XRD  analyses  after  various  numbers  of  cycles 
are  necessary  in  future  investigations. 

3.3.  Pellet  evolution  throughout  cyclic  hydrogenation 

Table  3  lists  the  development  of  the  thermal  conductivities  (at 
20  °C  and  50  °C),  the  gas  permeabilities  and  the  residual  porosities 
of  the  Hydralloy— ENG  pellets  in  their  as-compacted  and  dehydro¬ 
genated  states  after  activation  and  various  hydrogenation/dehy¬ 
drogenation  cycles.  Accordingly,  the  thermal  conductivity 
decreased  from  about  14  W  m-1  I<-1  (14.4  W  m  1  I<-1  and 
13.9  W  m_1  K  1  at  20  °C  and  50  °C,  respectively)  in  the  as- 
compacted  state  to  about  7.5  W  m”1  K-1  after  20  cycles  and 
remains  stable  at  that  level  even  after  85  cycles.  However,  during 
activation  and  within  the  first  12  cycles  it  almost  remained 
constant  (around  13  W  m  1  K-1).  Slight  differences  can  be 
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Table  2 

Results  of  Rietveld  refinement. 


ENG  mass  Hydralloy  mass  Hydralloy  grain  size 

fraction  [wt.%]  fraction  [wt.%]  [nm] 

As-compacted  22  ±  12  78  ±  12  108  ±  19 

After  85  cycles  27  ±  9  73  ±  9  15  ±4 


attributed  to  variations  of  single  pellets.  Furthermore,  the  carbon 
contents  after  the  12th,  20th  and  80th  cycle  as  well  as  in  the  as- 
compacted  state  according  to  DIN  EN  9556  were  determined.  No 
significant  differences  were  detected  (5.0  wt.%  ±  0.2  wt.%  ENG). 
From  these  results  it  is  assumed  that  during  the  first  cycles  the 
alternating  internal  expansion  and  contraction  leads  to  a  deterio¬ 
ration  of  contacts  in  the  ENG  network  and/or  a  partial  realignment 
of  ENG  lowering  the  radial  thermal  conductivity.  In  addition, 
particle  disintegration  and  grain  refinement  can  increase  the 
overall  contact  resistance  of  heat  flow  [31],  which  also  may 
contribute  to  a  decrease  of  the  effective  thermal  conductivity  of  the 
pellet.  Nevertheless,  no  further  changes  after  20  cycles  are  exam¬ 
ined  and  fast  sorption  kinetics  throughout  all  cycles  are  main¬ 
tained.  Future  investigation  on  larger  pellets  in  a  technically 
realistic  test  hydride  tank  will  be  performed  to  evaluate  these 
issues  in  detail. 

The  gas  permeability  is  decreased  from  8.1  x  10-15  m2  in  the  as- 
compacted  state  to  4.0  x  10-15  m2  in  the  as-cycled  state  (cf. 
Table  3).  An  unexpected  increase  of  the  gas  permeability  after  the 
activation  procedure  of  11.1  x  10-15  m2  was  measured.  Pellet 
stability  increases  with  cycling  (cf.  with  next  paragraph);  therefore, 
a  crack  caused  by  the  preparation  procedure  might  be  responsible 
for  this  high  value.  Besides  this  single  runaway  value  the  devel¬ 
opment  stands  to  reason.  Due  to  the  internal  volume  swelling 
effects  during  hydrogen  absorption  and  hydrogen  decrepitation  of 
the  powder  particles,  a  roughening  of  the  surfaces  and  disintegra¬ 
tion  of  the  particle  are  likely  to  take  place,  which  results  in  a  higher 
resistance  to  the  gas  flow.  In  addition,  a  possible  change  in  the 
powder  particle  arrangement  can  contribute  to  higher  gas  flow 
resistance.  Hence,  a  decrease  of  the  gas  permeability  is  noticed. 
However,  there  is  no  significant  difference  of  the  gas  permeability 
between  the  40th  and  the  85th  cycle.  Thus,  constant  gas  perme¬ 
ability  independent  of  the  number  of  cycles  after  some  initial 
cycling  (in  analogy  to  the  development  of  the  thermal  conductivity) 
can  be  anticipated.  The  lower  limit  of  1  x  10-16  m2  as  stated  earlier 
is  fulfilled.  Thus,  sufficient  hydrogen  flow  in  a  tubular  tank  with  an 
inner  diameter  of  several  centimeters  can  be  assumed.  Future 
investigations  will  focus  on  larger  pellets  and  their  hydrogenation 
performance  in  a  tubular  test  tank. 

Additionally,  photographs  of  the  as-compacted  and  the  85- 
times  cycled  pellet  are  depicted  in  Fig.  10.  Evidently,  the  pellets 
preserve  their  mechanical  integrity  throughout  cycling.  Further¬ 
more,  the  cylindrical  shape  in  its  initial  dimensions  is  kept.  This  is 
underlined  by  the  almost  constant  residual  porosity  in  all  states  (cf. 
Table  3).  From  the  mechanical  processing  of  the  pellets  after 
hydrogenation  (drilling,  cutting  and  handling)  it  was  found  that  the 


0  20  40  60  80 

time  [min] 


Fig.  11.  Monitored  mass  numbers  during  cyclic  hydrogenation  with  1/2  for  hydrogen, 
14/28  for  nitrogen,  16/32  for  oxygen  and  17/18  for  water. 


mechanical  stability  surprisingly  increased  compared  to  the  initial 
state  with  increasing  number  of  cycles.  This  qualitative  finding  may 
be  due  to  the  alternating  swelling  and  shrinking  during  cycling 
which  may  lead  to  particle  interdigitation  which  results  in 
a  stronger  compact. 

In  order  to  rule  out  any  unwanted  chemical  interaction  of  ENG 
with  hydrogen  during  cycling,  a  small  pellet  (5  mm  in  diameter) 
was  exposed  to  an  activation  process  at  300  °C  followed  by  10 
cycles  at  50  °C  inside  a  high-pressure  DSC.  The  released  gas  was 
monitored  with  a  quadrupole  mass  analyzer  to  scan  for  any  gaseous 
C-H  compounds.  From  the  viewpoint  of  thermodynamics,  hydrogen 
and  carbon  should  form  methane  up  to  800  K  [32],  However,  the 
atmosphere  monitored  throughout  the  whole  experiment  consisted  of 
hydrogen  (corresponding  mass  numbers:  1  and  2)  and  some  minor 
residuals  of  oxygen  (corresponding  mass  numbers:  16  and  32), 
nitrogen  (corresponding  mass  numbers:  14  and  38)  and  water 
(corresponding  mass  numbers:  17  and  18).  Fig.  11  depicts  three 
exemplary  hydrogenation  cycles  with  the  monitored  mass 
numbers.  During  pressure  build  up  the  oxygen  and  nitrogen  signals 
increase;  whereas  the  water  signal  slowly  decreases  throughout 
the  whole  experiment.  Thus,  it  can  be  assumed  that  the  signals 
originate  from  impurities  in  the  initial  gas  supply,  small  leakages  of 
the  gas  distribution  system  and/or  from  the  water  contamination  of 
the  inner  surfaces  of  the  equipment,  which  is  depleting  during  the 
experiment.  No  traces  of  any  kind  of  C-H  compounds  were 
detected.  This  illustrates  that  Hydralloy-ENG  pellets  are  suitable  to 
be  used  in  hydrogen  storage  applications  without  the  formation  of 
carbon-containing  impurities  in  the  released  hydrogen. 


Table  3 

Evolution  of  thermal  conductivity,  gas  permeability  and  residual  porosity  of  the  Hydralloy-ENG  pellets  throughout  cyclic  hydrogenation. 


As-compacted  After  activation  After  12  cycles  After  20  cycles  After  40  cycles 


After  85  cycles 


Aradat20°C[Wm-’l<-’]  14.4  13.0  13.9  7.6  7.7  7.4 

7rad  at  50  °C  [W  m~'  K-1  ]  13.9  13.0  13.4  7.4  7.6  7.4 

frgas  [xl0~15  m2]  8.1  [11.1]  -  7.0  4.0  3.9 

<Ppor  [vol.%]  32.2  34.2  -  33.9  32.5  33.8 
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4.  Conclusion 

The  feasibility  of  Hydralloy-ENG  pellets  to  be  used  for  hydrogen 
solid-state  storage  applications  was  demonstrated.  At  first,  a  variety 
of  ENG-contents  and  compaction  pressures  were  examined  to 
decide  on  the  most  suitable  set  of  parameters  for  cyclic  hydroge¬ 
nation  tests.  The  main  results  are: 

•  Increased  volumetric  hydrogen  storage  capacities  are  achieved 
with  compaction  (at  least  1.5  times  higher  than  those  of  a  loose 
powder  bed). 

•  Radial  thermal  conductivity  of  the  pellet  can  be  tuned  using 
ENG-content  (up  to  63  W  m-1  I<-1). 

•  High  gas  permeabilities  in  radial  direction  independent  of 
ENG-content  are  examined  (between  0.6  x  10-15  m2  and 
9.7  x  1(T15  m2). 

From  these  results  and  preliminary  hydrogenation  tests, 
pellets  with  5  wt.%  ENG  compacted  at  75  MPa  were  chosen  for 
hydrogenation  experiments.  The  major  conclusions  are  as 
follows: 

•  After  the  activation  process  an  improvement  of  sorption 
kinetics  during  the  first  few  cycles  was  examined,  which  is 
also  related  to  the  activation  temperature.  Lower  activa¬ 
tion  temperatures  require  more  cycles  to  reach  full 
performance. 

•  The  grain  size  of  Hydralloy  is  decreased  during  cyclic  hydro¬ 
genation  (from  108  nm  to  15  nm),  which  is  beneficial  to  the 
sorption  kinetics. 

•  High  hydrogen  densities  (up  to  1.45  wt.%-H2)  with  the  possi¬ 
bility  of  fast  dehydrogenation  against  hydrogen  back  pressures 
up  to  10  bar  are  demonstrated. 

•  High  geometrical  stability  in  combination  with  sufficient 
thermal  conductivity  (from  14  W  m_1  K-1  to  7.5  W  m  1  K-1) 
and  gas  permeability  (from  8.1  x  10-15  m2  to  4.0  x  10-15  m2)  of 
the  pellets  throughout  cyclic  hydrogenation  was  achieved. 

•  The  formation  of  any  gaseous  C-H  compounds  especially 
during  the  high  temperature  activation  procedure  did  not 


In  conclusion,  Hydralloy-ENG  pellets  have  a  high  potential  to 
serve  as  efficient  and  fast  energy  storage  material  for  a  variety  of 
hydrogen-based  power  systems.  The  hydrogenation  performance 
as  well  as  the  pellet  evolution  during  the  observed  hydrogenation 
cycles  is  very  promising  to  use  pelletized  Hydralloy-ENG 
composites  in  tubular  storage  tanks.  Future  investigations  will 
focus  on  the  hydrogenation  behavior  of  those  materials  in  a  lab- 
scale  tubular  tank  to  confirm  these  findings  in  technical  realistic 
environments. 
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